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Summary
Transcriptional gene silencing (TGS) controls the ex-
pression of transposable elements and of endoge-
nous genes containing promoter repeats, and it is
associated with increased DNA methylation. TGS-
deficient mutants impaired in siRNA accumulation
and/or chromatin modification (ago4, bru1, cmt3, dcl3,
ddm1, drd1, drm2, fas1, fas2, hda6, hog1, met1, mom1,
nrpd1a, nrpd1b, nrpd2a, rdr2, suvh2, and suvh4) have
been identified, but not all mutations affect the same
subset of targets [1–20]. Here, we identify Arabidop-
sis RPA2, a conserved protein with DNA replication
and DNA repair motifs [21], as a novel TGS compo-
nent that is dispensable for endogenous small RNA
accumulation. bru1, cmt3, ddm1, fas1, fas2, hda6,
hog1, met1, mom1, and rpa2 mutants are impaired in
TGS of dispersed Athila/TSI retrotransposons and of
the transgene repeat locus L5, but unlike bru1, cmt3,
ddm1, fas1, fas2, hda6, hog1, and met1, the rpa2 and
mom1 mutants do not affect the accumulation of 5S-
derived siRNAs. Like BRU1, FAS1, FAS2, and MOM1,
RPA2 is dispensable for DNA methylation, and rpa2,
bru1, fas1, and fas2, but not mom1, mutants are hy-
persensitive to the DNA damage agent MMS. These
results suggest a coordination of the TGS machinery
with DNA replication, repair, or recombination ma-
chinery at some loci, and they emphasize the diversi-
fication of the TGS pathway.
Results and Discussion
Forward and reverse genetic screens in plants have
identified genes that participate in the control of TGS
(Table 1). DCL3 [4, 19], NRPD1a/SDE4, NRPD2a [5,
14], and RDR2 [4, 19] are required for the production of
siRNAs that guide DNA methylation and silencing.
AGO4 [4, 20], BRU1 [18], CMT3 [3, 10], DDM1 [3, 7, 12],
DRD1 [8], DRM2 [4], FAS1 [18], FAS2 [18], HDA6/SIL1
[2, 15], HOG1 [16], MET1 [3, 12], NRPD1b/DRD3,
NRPD2a [9], SUVH2 [13], and SUVH4/KYP [3, 6] likely
modify DNA or chromatin. Mutations in AGO4, CMT3,
DDM1, DRM2, HDA6, and MET1 also have an effect on
the accumulation of some endogenous siRNAs [11, 14,
22]. In several cases, reverse genetics have implicated*Correspondence: herve.vaucheret@versailles.inra.fr
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05, France.genes in TGS that were not identified in forward genetic
screens, suggesting that forward genetic screens were
not extensive enough or were too stringent to recover
mutants with partial effects. The existence of paralogs
with partially redundant functions also could explain
why some mutants were not recovered in forward ge-
netic screens. For example, DCL2 and DCL4 produce
endogenous RDR2-dependent siRNAs in the absence
of DCL3 [23], probably explaining why dcl3 mutants
were not recovered in forward genetic screens and why
dcl3 mutants were partially impaired in de novo FWA
silencing [4]. In addition, partial functional redundan-
cies likely are the reason for the absence of develop-
mental defects in most mutants (Table 1). On the other
hand, the existence of paralogs with specialized func-
tions could explain why some mutants, such as ago4
or hda6, affect a limited subset of targets [2, 15, 20].
Here, we describe a novel forward, nonstringent ge-
netic screen and the identification of AtRPA2, a new
gene controlling TGS and development.
Reactivation of the L5 Locus in Various
Mutant Backgrounds
We previously described a transcriptionally silenced
and methylated transgene locus, named L5, which con-
sists of three to four T-DNA repeats carrying a pNos-
nptII selectable marker and a p35S-GUS reporter gene.
Fluorometric or histochemical staining assays indi-
cated previously that GUS expression was reactivated
to various extents in bru1, ddm1, hda6, hog1, met1,
and mom1 mutants [1, 12, 15, 16, 18], but a direct com-
parison of TGS efficiencies was not possible because
the assays were independently performed on different
tissues from plants grown in different conditions. To en-
able a direct comparison of TGS efficiencies in these
and other previously unexamined mutants, such as
cmt3, drm2, fas1, and fas2, we performed systematic
histochemical staining and fluorometric assays on a
number of tissues from plants grown under the same
conditions (10-day-old whole seedlings; roots, cotyle-
dons, and leaves of 17-day-old seedlings; and leaves,
stems, and inflorescences of adult plants). All mutants
tested reactivated L5, but the extent of GUS reactiva-
tion differed strongly from one mutant to another (Fig-
ure 1). The level of GUS reactivation also differed from
one tissue to another, each mutant giving a different
pattern of reactivation (Figures 1B and 1C). Histochemi-
cal staining confirmed that the release of TGS could be
tissue specific in several mutants and revealed that this
release can also be stochastic within a given tissue
(Figures S1, S2, and S3 in the Supplemental Data avail-
able with this article online).
Novel Mutants that Release L5 TGS
The systematic analysis described above indicated that
the release of TGS can be both partial and tissue spe-
cific, which would compromise the identification of mu-
tations with a limited effect on TGS, particularly when
using stringent screens such as the reactivation of an
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1920Table 1. Characteristics of TGS Mutants
5S-siRNA AtSN1-siRNA Athila/TSI L5 MMS Developmental
Mutant Class of Protein DNA Methylation Accumulation Accumulation Expression Expression Sensitivity Defects
rpa2 DNA replication A second unchanged (*) unchanged (*) nd + (*) + (*) + (*) + (*)
subunit
bru1 protein involved in DNA unchanged [18] increased (*) nd + [18] + [18] + [18] + [18]
repair
fas1 chromatin assembly unchanged [18] increased (*) nd + [18] + [18] + [18] + [18]
fas2 chromatin assembly unchanged [18] increased (*) nd + [18] + [18] + [18] + [18]
mom1 SWI2/SNF2 chromatin unchanged [1] unchanged (*) nd + [17] + [1] − [18] − [1]
remodeling
ddm1 SWI2/SNF2 chromatin decreased [7] increased decreased [11] + [17] + [12] − [18] + [7]
remodeling [14]
met1 DNA methyltransferase decreased [3] increased decreased [11] + [17] + [12] − [18] + [3]
(CG) [14]
hog1 S-adenosyl homocsyteine decreased [16] increased (*) nd + [17] + nd + [16]
hydrolase
drd1 SNF2 chromatin decreased [8] unchanged nd − [9] nd nd − [8]
remodeling [9]
hda6 histone deacetylase decreased [2, 15] increased (*) unchanged [11] + [17] + [15] nd − [2, 15]
nrpd1b PolIVb large subunit decreased [9] unchanged unchanged [9] − [9] nd nd − [9]
[9]
nrpd1a PolIVa large subunit decreased [5, 14] decreased [5, decreased [5, nd − (*) nd − [5, 14]
14] 14]
nrpd2a PolIVa and PolIVb small decreased [5, 14] decreased [5, decreased [5, 9, − [9] nd nd − [5, 9, 14]
subunit 9, 14] 14]
ago4 Argonaute decreased [20] decreased decreased [20, nd nd nd − [20]
[14, 22] 22]
dcl3 Dicer-like (RNaseIII) decreased [19] decreased decreased [19] nd − (*) nd − [13]
[19]
drm2 DNA methyltransferase decreased [4] decreased decreased [22] nd + (*) nd − [4]
(CNN) [14, 22]
rdr2 RNA-dependent RNA decreased [19] decreased decreased [5, nd − (*) nd − [19]
polymerase [19] 19]
suvh2 histone H3K9 decreased [13] nd nd + [13] nd nd − [13]
methyltransferase
suvh4 histone H3K9 decreased [6] increased (*) unchanged [11, + [6] nd nd − [3, 6]
methyltransferase 20]
cmt3 DNA methyltransferase decreased [10] increased (*) unchanged [11, + [10] + (*) nd − [3, 10]
(CNG) 20]
nd denotes not determined; (*) denotes this work.antibiotic-resistant gene. To identify novel TGS mu-
tants, we mutagenized L5 seeds by fast-neutron muta-
genesis and screened 17-day-old mutants for novel
patterns of GUS reactivation by histochemical staining.
Two mutants isolated during this screen, named 300-8
and 450-12, had similar GUS expression patterns (Fig-
ure 1 and data not shown) and exhibited the same de-
velopmental defects. The two mutants were smaller
than wild-type plants and flowered earlier, but were fer-
tile (Figure 2A). Genetic analyses indicated that in both
300-8 and 450-12, a single recessive mutation was re-
sponsible for TGS-deficiency and developmental de-
fects. Reciprocal crosses between 300-8 and 450-12
produced F1 plants that expressed GUS and had the
same developmental defects as the parents, and 100%
of the F2 plants that resulted from the self-fertilization
of the F1 hybrids exhibited the same phenotype, indi-
cating that 300-8 and 450-12 were alleles.
An Arabidopsis Ortholog of the Yeast
and Mammalian Second Subunit
of Replication Protein A Controls L5 TGS
The mutations in 300-8 and 450-12 were mapped on
chromosome 2 between CURLY LEAF (CLF) and PICKLE
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oPKL), two genes encoding chromatin-related proteins
24, 25]. Although clf and pkl mutants have develop-
ental defects resembling that of 300-8 and 450-12
24, 25], genetic analyses indicated that 300-8 and 450-
2 were not clf or pkl alleles. In addition, clf and pkl
id not reactivate L5 (data not shown). More refined
apping placed the mutations in 300-8 and 450-12 be-
ween markers CER429874 and CER451364 (Figure
B). Mutant lines with T-DNA insertions in candidate
enes located in this 120 kb interval were screened for
evelopmental defects. Two lines, SALK_111834 and
ALK_129173, each had a T-DNA inserted in gene
t2g24490, and both exhibited developmental defects
imilar to that of 300-8 and 450-12 and were able to
artially reactivate L5 (data not shown). The At2g24490
ene could not be amplified by PCR in 300-8, suggest-
ng that the fast-neutron mutagenesis had generated a
arge deletion that included this gene. Sequencing of
he At2g24490 gene in 450-12 revealed a 1 base pair
bp) deletion in the ORF that led to a frame-shift at posi-
ion 34 of the protein and to a stop codon 10 amino
cids after this frame-shift (Figure 2C).
The At2g24490 gene shares homology with the sec-
nd subunit of mammalian and yeast Replication Pro-
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TGS-Deficient Mutants
GUS activity was monitored in plants homo-
zygous for L5 in the indicated genotype.
GUS activity is in nanomoles of MU (4-methyl-
umbeliferone) per min per g total protein.
The average GUS activity values obtained
for three plants of each genotype are re-
ported, and error bars represent standard
deviations. A discontinuous scale is used to
reveal the difference between mutants.
(A) GUS activity in 10-day-old seedlings.
(B) GUS activity in roots, cotyledons, and the
first rosette leaf of 17-day-old seedlings.
(C) GUS activity in rosette leaves, stems, and
floral inflorescences of adult plants.
(D) Histochemical staining of L5 and L5/
rpa2-2 plants. Tissues and developmental
stages are similar to those in (A), (B), and (C).
Histochemical staining of the other mutants
is shown in Figures S1–S3.tein A [21]. Thus, we renamed the At2g24490 gene
AtRPA2, consistent with its ability to complement the
yeast rfa2 mutant (see the report by Kapoor et al. in this
issue of Current Biology, [26]). Accordingly, the 300-8,
450-12, SALK_111834, and SALK_129173 mutants were
renamed rpa2-2, rpa2-3, rpa2-4, and rpa2-5. The Arab-
idopsis genome has a second gene (At3g02920) with
homology to mammalian RPA2 and yeast RFA2. Be-
cause rpa2 mutants have limited developmental de-fects and partially reactivate L5, it is possible that the
At3g02920 paralog is functional and partially redundant
with AtRPA2. Replication Protein A is a major nuclear
single-stranded-DNA binding protein that plays a criti-
cal role in orchestrating DNA replication, DNA repair,
and DNA recombination [21]. The OB (oligonucleotide/
oligosaccharide binding) fold domain of AtRPA2 also
shares homology with human BRCA2, an important
component of recombination-mediated double-stranded-
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1922Figure 2. AtRPA2 Controls L5 TGS, Develop-
ment, and DNA Repair
(A) Developmental defects in rpa2-2 and
rpa2-3 alleles. The two mutants exhibit
shorter stature and early flowering com-
pared with L5 line in a wild-type background.
Pictures are on the same scale.
(B) Mapping of the rpa2-2 mutation. The
rpa2-2 mutation was mapped to chromo-
some 2 between markers CER429874 and
CER451364. Numbers in brackets indicate
the number of recombinant chromosomes
per chromosomes analyzed. BAC numbers
and positions are indicated below the chro-
mosome map.
(C) Amino acid sequence of the AtRPA2 pro-
tein. The conserved single-stranded-DNA bind-
ing domain is italicized, conserved amino acids
are indicated in bold, and the OB (oligo-
nucleotide/oligosaccharide binding) fold do-
main is underlined. The position of the 1 bp
(A-T) deletion in the rpa2-2 fast neutron al-
lele is indicated by a triangle. The positions
of the T-DNA insertions in the alleles rpa2-4
and rpa2-5 are indicated by inverted tri-
angles.
(D) MMS sensitivity of wild-type (L5) plants
and bru1-4, fas1-1, and rpa2-2 mutants.
Four-day-old seedlings were transferred to
liquid medium supplemented with 0 or 50
ppm MMS. Pictures were taken 24 days
later.DNA break repair that is associated with breast cancer
susceptibility [21]. For determining whether At2g24490/
RPA2 plays a role in DNA repair, wild-type L5 plants
and 450-12/rpa2-2 mutants were grown on medium
supplemented with methyl methane sulfonate (MMS), a
chemical that alkylates DNA and is considered to mimic
double-strand-DNA break damage [18]. Like bru1, fas1,
and fas2, but not ddm1, met1, and mom1 [18], the rpa2
mutant was hypersensitive to MMS (Figure 2D), sug-
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mgesting that AtRPA2 has a functional DNA repair do-ain and acts with BRU1, FAS1, and FAS2 in both the
GS and DNA repair pathways.
tRPA2 Likely Is Dispensable for DNA Methylation
ome mutations that release TGS affect DNA methyla-
ion to various extents and with various specificities
ago4, cmt3, dcl3, ddm1, drd1, drm2, hda6, hog1,
et1, nrpd1a, nrpd1b, nrpd2a, rdr2, suvh2, and suvh4)[2–17, 19, 20], whereas other mutations (bru1, fas1,
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[1, 18]. For determining whether rpa2 mutants are im-
paired in DNA methylation at CG, CNG, and CNN sites,
DNA was digested with HpaII, MspI, or HaeIII and hy-
bridized with probes corresponding to either the 35S
promoter of the transgene carried at the L5 locus, the
5S ribosomal DNA, the 180 bp contromeric repeat, or
the Athila/TSI retrotransposon (Figure 3A). These re-
peated sequences, which are naturally methylated inFigure 3. DNA Methylation and RNA Accu-
mulation in TGS-Deficient Mutants
(A) DNA methylation was determined by DNA
gel-blot analysis with 1 g of DNA from 17-
day-old seedlings of the indicated geno-
types digested with HpaII, MspI, or HaeIII.
Blots were hybridized with probes corre-
sponding to the 35S promoter, Athila/TSI ret-
rotransposons, 5S-rDNA repeats, or 180 bp
centromeric repeats. The positions of DNA
markers are noted.
(B) Athila/TSI RNA accumulation was deter-
mined by RNA gel-blot analysis with 10 g
of RNA from 17-day-old seedlings of the in-
dicated genotypes. Blots were hybridized
with a probe corresponding to TSI A15.
Ethidium-bromide staining of 25S rRNA is
shown as a loading control. ddm1, met1,
and rpa2 mutants are in the Col ecotype.
mom1 is in the Zh ecotype.
(C–D) Small RNA accumulation was deter-
mined by RNA gel-blot analysis with 10 g of
RNA from 17-day-old seedlings (C) or floral
inflorescences (D) of the indicated geno-
types. Blots were successively hybridized to
different probes complementary to RDR2-
dependent siRNAs siRNA02 and siRNA1003;
trans-acting siRNAs TAS2 and TAS3; micro-
RNAs miR159, miR173, and miR390; and a
probe complementary to U6 as a loading
control. The positions of 32P-labeled RNA
oligonucleotides are noted on the right.wild-type plants, remained methylated in the rpa2 mu-tants, suggesting that RPA2 likely is dispensable for
DNA methylation at these loci. However, we cannot ex-
clude that RPA2 may have subtle effects or, like AGO4
or HDA6, could be required for DNA methylation at
other untested loci [2, 20].
Mutations in the AtRPA2 Gene Reactivate
Athila/TSI Retrotransposons
Mutations that are in chromatin-related genes (like
BRU1, CMT3, DDM1, FAS1, FAS2, HDA6, HOG1, MET1,
Current Biology
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gene-induced TGS also affect Athila/TSI retrotranspo-
son silencing to various extents [1, 6, 10, 13, 15, 17,
18]. In contrast, mutations that are in chromatin-related
genes (like DRD1, NRPD1b, and NRPD2a) and affect
siRNA-directed TGS of single transgene copy do not
affect Athila/TSI silencing [9], suggesting that the main-
tenance of TGS at Athila/TSI loci and repeat-transgene
loci requires the same machinery. For determining
whether rpa2 mutants are impaired in Athila/TSI silenc-
ing, high molecular weight RNA was extracted and hy-
bridized with a TSI probe. Unlike in wild-type control
plants, TSI RNA was detected in rpa2-2 and rpa2-3 mu-
tants. However, the accumulation of TSI RNA was lower
than in ddm1, met1, and mom1, indicating that RPA2
has a modest effect on Athila/TSI silencing (Figure 3B).
The intensity of Athila/TSI reactivation in the different
mutants ([17] and Figure 3B) correlated with that of the
p35S-GUS transgene carried by the L5 locus (Figure 1),
reinforcing the hypothesis that the maintenance of TGS
at L5 and Athila/TSI loci requires the same machinery.
AtRPA2 Likely Is Dispensable for the Accumulation
of Small RNAs
The TGS-deficient mutants ago4, cmt3, dcl3, ddm1,
drm2, hda6, met1, nrpd1a, nrpd2a, and rdr2 are im-
paired in the accumulation of some endogenous
siRNAs, although to various extents [5, 9, 11, 14, 19].
For example, the 5S-repeat-derived siRNA1003 is not
detectable in ago4, dcl3, drm2, nrpd1a, nrpd2a, and
rdr2, whereas it accumulates in cmt3, ddm1, and met1
[5, 9, 14, 19, 22]. However, ddm1 and met1 overaccu-
mulate siRNA1003 [14], presumably because DDM1
and MET1 are required for siRNA-directed transcrip-
tional repression of 5S repeats. Thus, derepression of
5S-repeat transcription, despite the presence of 5S
siRNAs, results in the amplification of siRNA accumula-
tion [14]. To determine the impact of rpa2 and other
uncharacterized mutants, we monitored siRNA1003 ac-
cumulation in these mutants (Figure 3C). As previously
reported, the level of siRNA1003 was decreased in
ago4, dcl3, drm2, nrpd1a, and rdr2 [5, 19, 20] and in-
creased in ddm1 and met1 [14]. siRNA1003 accumula-
tion also was increased to various extents in bru1,
cmt3, fas1, fas2, hda6, hog1, and suvh4 (Figure 3C).
Therefore, it is possible that BRU1, CMT3, DDM1,
FAS1, FAS2, HDA6, HOG1, MET1, and SUHV4 control
the transcription of 5S repeats. In contrast, siRNA1003
accumulated to similar levels in wild-type plants and
mom1 and rpa2 mutants, suggesting that MOM1 and
RPA2 are dispensable for the regulation of 5S-repeat
transcription.
We also monitored the accumulation of other classes
of endogenous small RNAs: microRNAs miR159, miR173,
and miR390; trans-acting siRNAs deriving from TAS2
and TAS3 loci; and RDR2-dependent siRNA02. All of
the endogenous small RNAs tested accumulated to
wild-type levels in rpa2 mutants (Figures 3C and 3D),
indicating that RPA2 is not required for the accu-
mulation of these small RNAs. Unlike ddm1 and met1,
which partially impair posttranscriptional gene silenc-
ing (PTGS) of the p35S-GUS transgene carried at the
L1 locus [12], rpa2 mutants were not impaired in L1
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pTGS (data not shown), indicating that RPA2 is dis-
ensable for another siRNA-mediated pathway.
onclusions
n plants, various TGS pathways exist that require the ac-
ion of various combinations of the following compo-
ents: AGO4, BRU1, CMT3, DCL3, DDM1, DRD1, DRM2,
AS1, FAS2, HDA6/SIL1, HOG1, MET1, NRPD1a/SDE4,
RPD1b/DRD3, NRPD2A/DRD2, RDR2, SUVH2, SUVH4/
YP, and the newly identified protein RPA2 (Table 1). Most
GS pathways likely involve siRNAs that direct DNA
ethylation and transcriptional silencing. However, in
everal cases, including CHS, PAI, or SUP silencing,
iRNAs could not be detected by conventional tech-
iques, probably because they accumulate below de-
ectable levels [3, 20]. Whether TGS can function inde-
endently of siRNAs is not known. It is likely that TGS
f repeat-transgene loci such as A [1] or L5 does not
ely on the production of siRNAs. To date, we have
een unable to detect siRNAs corresponding to the L5
ocus (data not shown). Consistent with this, L5 does
ot act in trans to silence homologous unlinked loci,
imilar to the A locus (H.V. and O. Mittelstein Scheid,
npublished data). Nevertheless, it is possible that low
iRNA amounts that remain associated to the L5 locus
nd act only in cis could be produced through another
athway, given the redundancy among the four Arabi-
opsis DCL proteins [23].
Like BRU1, FAS1, FAS2, and MOM1, the newly iden-
ified TGS component RPA2 is required for mainte-
ance of TGS at Athila/TSI retrotransposons and L5
ransgene repeats but is not required for DNA methyla-
ion of the tested loci. Like BRU1, FAS1, and FAS2, but
ot MOM1, RPA2 acts in the DNA repair pathway (Table
). Unlike mutations in BRU1, FAS1, and FAS2, which
ead to increased 5S-siRNA accumulation, mutations in
PA2 and MOM1 do not affect 5S-siRNA accumulation,
mphasizing the diversification of TGS pathways. We
nticipate that additional genetic screens based on the
eactivation of different targets will identify novel com-
onents of the TGS machinery.
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